Abstract-An omnidirectional circularly polarized (OCP) antenna operating at 28 GHz is reported and has been found to be a promising candidate for device-to-device (D2D) communications in the next generation (5G) wireless systems. The OCP radiation is realized by systematically integrating electric and magnetic dipole elements into a compact disc-shaped configuration (9.23 mm 3 = 0.008 λ 3 0 at 28 GHz) in such a manner that they are oriented in parallel and radiate with the proper phase difference. The entire antenna structure was printed on a single piece of dielectric substrate using standard PCB manufacturing technologies and, hence, is amenable to mass production. A prototype OCP antenna was fabricated on Rogers 5880 substrate and was tested. The measured results are in good agreement with their simulated values and confirm the reported design concepts. Good OCP radiation patterns were produced with a measured peak realized RHCP gain of 2.2 dBic. The measured OCP overlapped impedance and axial ratio bandwidth was 2.2 GHz, from 26.5 to 28.7 GHz, an 8 % fractional bandwidth, which completely covers the 27.5 to 28.35 GHz band proposed for 5G cellular systems.
I. INTRODUCTION
T HE next generation (5G) cellular mobile communication networks have undergone extensive conceptual development over the past few years. Operators envision that it will be commercially viable for the opening of the Tokyo 2020 Olympic Games. One evolutionary technology in 5G cellular systems is anticipated to be the use of the millimeter (mmwave) frequency spectrum to realize the high data rates and system capacities that have been forecast to meet the evergrowing performance demands of consumers. Experimental results have proved that the 28 GHz frequency band is suitable for such 5G mm-wave cellular systems [1] . Specifically, the Federal Communications Commission of the U.S. has recently (July 2016) designated the frequency band from 27.5 to 28.35 GHz for 5G applications [2] . Another 5G breakthrough concept is the introduction of device-to-device (D2D) communications. D2D connectivity will bring significant improvements in system capacity, spectral efficiency, communication range, and channel reliability because it enables the realization of spatial diversity [3] . It necessitates that all portable wireless devices must be capable of communicating with any other nearby devices. It is an exciting and innovative feature expected for 5G networks.
These two evolutionary technologies for future 5G mobile terminals engender substantial challenges for their antenna systems. Conventional antennas in portable devices, such as those found in current smart phones, are not suitable for these 5G higher frequencies and their anticipated smaller sizes. To meet the anticipated design specifications for D2D communications at 28 GHz in 5G cellular systems, antennas must be developed that will generate circularly polarized (CP) fields with omnidirectional radiation patterns as illustrated in the application diagram shown in Fig. 1 .
Omnidirectional CP (OCP) antennas with lower gain are expected to be the most suitable candidates for D2D applications in 5G wireless systems. They have much larger radiation coverage and, hence, enable diverse communication links among multiusers. It is noted that several initial studies on the basic operational needs for long distance 5G millimeterwave communications have been performed [4] - [6] . They have demonstrated that high gain 28 GHz antenna arrays with highly directional beams will be required for those applications. On the other hand, it has also been confirmed that lower gain TX RX systems will be sufficient for shorter communication distances such as those associated with D2D applications [6] . More importantly, CP antennas are preferred for D2D application since they avoid any polarization mismatch problems in complex wireless channels [7] - [11] .
Many investigations of OCP antennas in the microwave frequency range have been reported [12] - [24] . In general, two methods have been adopted to realize their OCP performance characteristics. One is to generate parallel electric and magnetic dipoles [12] - [21] ; the other is to transform the linearly polarized (LP) waves of a monopole into CP waves through a surrounding polarizer [22] . Unfortunately, none of these designs can be rescaled to mm-wave frequencies such as the 28 GHz band simply because of the physical constraints associated with those much smaller wavelengths (e.g., 30 GHz has a 1 mm free space wavelength).
Only (to the best of our knowledge) two designs [23] and [24] have been reported to date that realize OCP radiation characteristics in the mm-wave band at 37 and 38 GHz, respectively. The design in [23] consists of an LP omnidirectional monopole radiator and a surrounding sleeve polarizer which transforms the radiated LP wave into a CP wave. However, its size is very large both electrically and physically, i.e., its electrical and physical diameters are, respectively, 4.7 λ 0 and 38 mm, λ 0 being the free-space wavelength at 37 GHz. The design in [24] has inclined slots etched on a circular waveguide to realize the OCP radiation. However, its volume: π(7.435) 2 × 25.05 mm 3 = 2.84 λ 2 0 × 3.2 λ 0 = 9.1 λ 3 0 at 38.3 GHz, is very large; and its fabrication is not cost effective. Consequently, the previously reported two designs are not suitable for embedding into small portable devices such as smart phones, watches, and glasses. In this paper, we introduce a compact 28 GHz OCP antenna for D2D applications in the future 5G wireless networks. The overall size of the prototype disc-shaped antenna is compact, having the dimensions: π (2) 2 × 1.57 mm 3 = 0.016 λ 3 0 at 28 GHz, which is more than a 150 times smaller transverse area than the reported 37 GHz system in [23] and 550 times smaller volume than the 38.3 GHz design in [24] . This paper is organized as follows. The OCP antenna design methodology and the optimized antenna configuration are described in Section II and Section III, respectively. Section IV discusses the various effects associated with optimizing the key design parameters. The fabrication, assembly, and measurements of the 28 GHz OCP antenna prototype are described in Section V. Finally, conclusions are discussed in Section VI.
All simulation results reported in this paper were obtained with the ANSYS high frequency structure simulator (HFSS) version 17. The materials associated with these simulation models incorporated all of their known properties. Several prototypes were fabricated and tested. They all consistently reproduced the measured results reported herein. 
II. DESIGN METHODOLOGY
The design concept originated from the knowledge that different radiation patterns with diverse polarizations can be obtained by combining electric and magnetic dipoles with specific orientations and manipulating the phase difference between them. Two such variations are depicted in Fig. 2 . If two orthogonally oriented electric and magnetic dipoles radiate in-phase with the same amplitude, Huygens source radiation, i.e., a unidirectional cardioid pattern, will be generated with the peak directivity being emitted broadside to the plane containing both dipoles. As shown in Fig. 2(a) , the vertical loop current and the horizontal electric current lie in the xz plane, but are oriented so that their dipole moments lie orthogonal to each other in the xy plane. The resulting pattern is cardioid-shaped and unidirectional along the z-axis. Many Huygens source antenna designs have been reported to date [25] - [35] . For instance, Luk and Wong [25] , [26] first invented the LP magnetoelectric (ME) dipole antennas based on this concept for base station applications. Electrically small Huygens dipole systems based on orthogonal electric and magnetic near-field resonant parasitic (NFRP) elements have been reported [32] - [35] . Recently, millimeter-wave CP versions of both the ME [28] and Huygens [29] dipole antennas have been reported for 5G applications.
Our experience with these NFRP Huygens dipole antenna designs paved the way for the OCP antenna design illustrated in Fig. 2(b) . By rotating the electric dipole to be parallel to the magnetic dipole (as shown along the z-axis) and by exciting them with a 90°phase difference, OCP radiation pattern will be generated [12] - [15] , [17] - [24] . This should be contrasted with the ME or other Huygens dipole antenna systems for which the maximum directivity is along the direction orthogonal to the plane containing their orthogonal dipoles.
To further illustrate the OCP design concept, consider the electric dipole being oriented along the z-axis and the magnetic dipole being formed by a closed loop current in the xy plane so its moment is also along the z-axis. The known far-field expressions for the resulting electric field components: E θ for a small electric dipole and E ϕ for a small magnetic dipole are [36] 
where k = 2π/λ is the wavenumber, I e is the magnitude of the electric dipole, I m is the magnitude of the magnetic dipole, L is the length of the electric dipole, I e L is the electric dipole current moment, I m L is the magnetic dipole current moment, and η is the wave impedance. One can see immediately that if j ηI e = I m , then omnidirectional CP radiation will be generated. Moreover, it is also known that a current loop of area A in free-space, which is driven with a constant current I 0 , yields I m = j Aωμ 0 I 0 /L [36] . From this, one finds that if a current loop can be generated in the plane orthogonal to the dipole, then its magnetic dipole moment will have the correct orientation. Furthermore, it will naturally have the correct 90°phase relative to the electric one. Consequently, the OCP design target is to realize a vertical electric current (electric dipole) along with a surrounding inphase loop current (magnetic dipole) in such a manner that they have the appropriate amplitudes and phases in a compact configuration at 28 GHz.
III. ANTENNA DESIGN
The OCP target design evolved from a variety of NFRP antenna experiences. Its operating principles were clarified with HFSS parameter studies. They also led to the final optimized version.
A. Antenna Configuration
The OCP antenna configuration is shown in Fig. 3 . As noted, the Rogers 5880 copper-cladded substrate was used for this design. Its relative permittivity and permeability are, respectively, 2.2 and 1; its loss tangent is 0.0009. Traces are printed on the upper and bottom surfaces of a single discshaped piece of the substrate. These top and bottom traces are 17 μm thick (0.5 oz) copper; they are connected through the substrate by copper-plated via holes. The entire structure is excited by a coax feed line. A common vertical monopole radiator is located in the center and is attached directly to the center conductor of the coax. The monopole goes vertically through the substrate and is terminated with a conducting disc that lies on its top surface. Four thin straight radial lines separated by 90°extend from this center conductor to the outside edge of the substrate. The end of each line joins a 56°arc-loop trace whose outside edge coincides with the edge of the substrate. These four meandered branches act as top-hat loading of the monopole. The end of each arc loop is connected to a vertical, plated via hole, which in turn is connected to a 79°arc-loop printed on the bottom face of the substrate disc. All of the top and bottom arc-loop traces have the same width W arc . The radial traces and the top and bottom arc loops thus form a wheel-shaped structure. The inner circle of a ground plane annular disk is connected directly to the outer surface of the coax. The outer edge of this grounded disc is separated by a distance W gap from inner edges of the bottom arc-loop traces.
The via structures are straightforward to fabricate with standard PCB manufacturing technologies. The entire discshaped OCP structure is simple, easy to manufacture, and is very compact, its overall size being only: π (1.72) 2 × 1 mm 3 = 0.081 λ 2 0 × 0.09 λ 0 = 0.008 λ 3 0 at 28 GHz. Thus, it could easily fit into many anticipated small 5G wireless devices. Moreover, as only one piece of dielectric substrate is needed, this design is cost effective and mass production is possible. The detailed and optimized antenna parameters of the simulated OCP antenna are listed in Table I . Fig. 4 depicts the currents flowing on the metal components of the OCP structure. As indicated, the currents on the top and bottom arc loops and the ground plane disc complete the current loop that creates the magnetic dipole and, hence, the primary contributions to the E ϕ components in the far field. Similarly, while the vertical currents on the monopole and on those on the four vias are in phase, those on the monopole dominate their combined effects. This collective behavior creates the electric dipole and, hence, the primary contributions to the E θ components in the far field. Consequently, the electric and magnetic dipoles are oriented parallel to each other.
B. Operating Principles
Note in Fig. 4 that the currents in the monopole and the vias are all pointing downward and, hence, the electric dipole also points in the −z-direction. Furthermore, the loop currents are clockwise along the top and bottom arc loops as depicted. As a result, the magnetic dipole is also pointing downward, in the same direction as the electric dipole. These behaviors confirm the parallel orientation of the electric and magnetic dipoles. It is noted that the total length of the monopole, radial arm, arc loop, via, and arc loop is 0.508 λ 0 . Hence, the actual electric length is l e = 0.508 λ 0 · √ ε r ≈ 0.75 λ 0 for the substrate whose ε r = 2.2. Consequently, the current distribution on each radiating branch acts like a 3 4 λ 0 monopole or equivalently, a 1.5 λ 0 dipole. Similarly, the electrical circumferance of the loop l m = 2π R sub · √ ε r ≈ 1.497 λ 0 . Thus, the electric and magnetic dipoles are self-resonant and their phases yield their codirectional orientations, as illustrated in Fig. 4 .
To illustrate the phase difference between these dipoles, Fig. 5 shows plots of the currents on the OCP structure at Fig. 6 . Simulated magnitudes and phases in the vertical plane ϕ = 0°of the two orthogonal electric field components, E q and E ϕ , generated in the far field of the OCP antenna.
four different quarter periods when it is driven at 28 GHz. The vertical and loop currents are changing simultaneously; one observes that their max and min values are in-phase. On the other hand, from the E-field expressions associated with the dipole and loop current one would expect that their farfield behavior would naturally exhibit a 90°phase difference. To quantify the actual phase difference, the magnitudes and phases of the two electric field components, E θ and E ϕ , at 28 GHz in the far field are shown in Fig. 6 . One finds that their magnitudes are nearly the same as required for circular polarization. On the other hand, one finds that their phase difference is around 72°and that this value is stable across a wide range of elevation angles. The realized 72°phase difference is less than the ideal 90°because there is a slight phase difference between the center vertical and the surrounding arcloop currents. Furthermore, because the sign of the difference between the phase values of E θ and E ϕ is negative, one finds that the OCP configuration in Fig. 3 generates RHCP radiation.
As the two key conditions for realizing CP radiation: nearly equal magnitude and nearly 90°phase difference, were achieved, the simulated OCP radiation characteristics were explored. Fig. 7(a) shows the |S 11 | and axial ratio (AR) results as functions of the source frequency, as well as the farfield patterns at 28 GHz. The simulated −10 dB impedance bandwidth is 1.5 GHz, from 27 to 28.5 GHz; the 3 dB AR bandwidth is 3.1 GHz, from 25.5 to 28.5 GHz. The shaded region denotes the overlap between these two bandwidths. It extends from 27 to 28.5 GHz, which covers the entire 27.5 to 28.35 GHz band dedicated for 5G wireless applications. As Fig. 7(b) shows, very good omnidirectional CP radiation patterns are produced at 28 GHz with the peak RHCP realized gain being 2 dBic. The gain difference around the entire horizontal plane (θ = 90°) is less than 0.1 dB. Moreover, similar radiation performance is obtained throughout the entire 5G 28 GHz band.
IV. STUDY OF THE KEY DESIGN PARAMETERS
The OCP antenna performance was optimized by identifying the key design parameters. In particular, the height and radius of the OCP antenna, the length and width of the arcloop pieces, and the number of meandered radiators (i.e., the number of arc-via-based elements) were found to be critical. Moreover, it was established that the actual orientations of the arc-loop pieces determine whether the CP radiation is right or left handed. Furthermore, as will be demonstrated, an electrically small OCP structure can be obtained simply by loading the design with a dielectric substrate having a higher permittivity value.
A. Height and Radius of the OCP Antenna
The dimensions of the OCP antenna: the radius R via and the height H , primarily determine the impedance matching and AR bandwidth. First, the height of the OCP antenna noticeably affects the E θ component that arises from the central, vertical radiator. This behavior is observed readily by considering the radiation resistance R a of the OCP antenna as shown in Fig. 8(a) . Simulations indicate that R a is 19, 31, and 73 at the resonance frequency when the antenna height is 0.8, 1, and 1.2 mm, respectively. This R a outcome confirms that the radiation resistance increases as the length of the central vertical radiator increases, i.e., as the electric dipole strength increases. Fig. 8(b) shows a comparison of the |S 11 | and the AR values as functions of the source frequency when the antenna height is 0.8, 1, and 1.2 mm, respectively. It is recognized quickly that the impedance matching is poor when the height is 0.8 mm, i.e., R a is too small to achieve good impedance matching. On the other hand, although the matching is much better when the height is 1.2 mm, the AR values quickly increase resulting in a poor overlap of the 3 dB AR frequency band with the impedance matched frequency band. Consequently, the 1 mm height was selected for the final design. With the width of the arc-loop stubs W arc fixed, the radiusR via controls the overall radius of the OCP antenna, which is the dominant design parameter that determines its operational center frequency f c . Fig. 9 (a) clearly demonstrates this point. Both the impedance and AR bandwidths move to a higher range of frequencies when R via changes from 1.55 to 1.35 mm in steps of 0.1 mm. Similarly, with R via fixed, W arc then controls the antenna's radius. Fig. 9 (b) confirms that as W arc is varied from 0.6 to 0.4 mm in steps of 0.1 mm, the same behavior occurs. However, one finds by comparing Fig. 9 (a) and (b) that R via is a coarse-tuning parameter and W arc is a fine-tuning one. The choices R via = 1.45 mm and W arc = 0.5 mm were made so that the design covers the 5G 28 GHz band, from 27.5 to 28.35 GHz.
B. Width and Length of the Arc-Loop Elements
Analogous to the impact that the height of the OCP antenna has on the electric dipole strength, the width W arc of the arcloop elements also affects the magnetic dipole strength and, hence, the AR values. In particular, the magnitude of E ϕ will increase if W arc increases. Fig. 9(b) confirms this behavior. The AR values increase as W arc increases, while the impedance matching improves. Thus, the widthW arc = 0.5 mm was also selected to obtain the desired overlapping impedance matching and −3 dB AR bandwidths that cover the 5G 28 GHz band.
Due to the resonant nature of the OCP antenna, the length of the arc-loop radiators (indicated by the angles swept out by those arcs, A upper , and A bottom ) impacts both the impedance and AR bandwidths. Varying the angle A upper ( A bottom ) changes the length of the arc-loop radiator on the upper (bottom) layer of the OCP antenna. One parameters study, summarized in Fig. 10(a) , studied the effect of varying A upper from 53°to 59°in steps of 3°with A bottom held fixed. As shown, both the |S 11 | and AR values move to a lower frequency range as A upper increases. A second study, whose results are shown in Fig. 10(b) , demonstrates that the resonance frequency and the AR bandwidth also move to a higher frequency range as A bottom decreases from 79°to 77°i n steps of 1°with A upper held fixed. It is further noted that the impedance matching is less sensitive to variations in A upper than it is to those in A bottom . This behavior occurs, as shown in Fig. 4 , because the current distributions on the bottom arc loops are much stronger than they are on the upper arc loops.
C. Number of the Meandered Radiators
It was determined that there is an optimum number of arcloop elements ("branches") to achieve the desired overlapping impedance and AR bandwidths, as well as omnidirectional patterns with very tiny ripples. Three models were considered by adjusting the parameters R via , A upper and A bottom . Referring to Fig. 11 , the designs were: three branches: A upper = 53°, A bottom = 97°, and R via = 1.45 mm; four branches: A upper = 56°, A bottom = 97°, and R via = 1.45 mm; and five branches: A upper = 54°, A bottom = 60°, and R via = 1.7 mm. Fig. 11(a) shows that all the models realize an impedance bandwidth that covers the 5G 28 GHz band. Similarly, Fig. 11(b) shows that all of the models produce the same copolarization realized gain values. However, it also clearly shows that the three-branch model has large ripples in its cross polarization due to its less symmetrical structure in the azimuth plane. On the other hand, while its ripples are much smaller and similar to the four-branch values, the fivebranch model exhibits much larger cross-polarisation values. Note that the largest discrepancy in the cross polarization occurs between the vertical planes ϕ = 90°and ϕ = 270°f or the three-branch case. The magnitude and phase of the orthogonal components of the electric field, E ϕ and E θ , in the vertical plane ϕ = 90°are given for the three-branch model in Fig. 12(a) . It is clearly seen that the maximum phase difference variation between E ϕ and E θ in the θ = 90°and the θ = −90°directions is 6.2°. This difference is much larger than obtained with the four-branch model, 0.3°. Moreover, the magnitudes of both E ϕ and E θ are different because the strength of the magnetic dipole becomes smaller with fewer branches. Consequently, the three-branch model also exhibits poor omnidirectivity.
On the other hand, both the four-and five-branch models produce good omnidirectional patterns with very tiny ripples. Fig. 12(b) shows that the phase difference variation for the five-branch model is only 0.9°between the θ = −90°and θ = 90°directions at ϕ = 0°plane. Moreover, as more branches are introduced, the strength of the magnetic dipole becomes larger. This negatively impacts the AR values, as shown in Fig. 11(a) . Furthermore, as shown in Fig. 12(b) , the phase difference between E ϕ and E θ that occurs in the five-branch model becomes smaller, i.e., it is 69.3°. This means that it is further away from the ideal 90°. As the result, the corresponding AR values across the entire 5G 28 GHz band are larger than 3 dB. These case studies confirm that the four-branch OCP antenna is the optimal design. 
D. Sense of Rotation of the Arc-Loop Elements
The circular polarization type, RHCP or LHCP, was found to be dependent on the orientation of the arc-loop elements since the currents impressed on them define the direction of the magnetic dipole. The two possible orientations and the resulting currents impressed on the OCP structure are illustrated in Fig. 13 . If the four branches are oriented in a clockwise rotation sense, the electric and magnetic dipoles point in the same −z-direction. As a consequence, the relative phase of E ϕ is behind that of E θ and RHCP radiation results. On the other hand, if the four branches rotate in an anticlockwise manner the electric and magnetic dipoles will point in opposite directions along the z-axis. The relative phase of E ϕ is then ahead of E θ and LHCP radiation results. It is noted that a polarization reconfigurable OCP antenna is thus feasible simply by introducing RF switches on the arc-loop elements.
E. Impact of a Higher Permittivity Substrate
It was found that the OCP antenna can be reduced in size simply by introducing a substrate with a higher permittivity value and retuning the design parameters. In fact, one can realize an electrically small version in this manner. By replacing the Rogers 5880 substrate with the Rogers 6006 substrate having ε r = 6.15, and by setting R sub = 1.5 mm, H = 1.2 mm, A upper = 56°, and A bottom = 65°, the electrical size is reduced from ka = 1.02 to ka = 0.95, where k = 2π/λ and a is the radius of the smallest sphere enclosing the antenna. The simulated performance characteristics of this electrically small design are displayed in Fig. 14 . Again, its OCP bandwidth covers the entire 28 GHz 5G applications band.
V. MEASURED PROTOTYPE
To verify the OCP antenna design concepts, a prototype was fabricated, assembled, and tested. Standard and low-cost printed circuit board (PCB) processes were used to fabricate the OCP components. As will be discussed, there were some measurement challenges, such as leakage currents and accurate alignment, because the antenna under test (AUT) was very tiny and compact. Nevertheless, the measured results are in good agreement with their simulated values. 
A. Fabricated OCP Antenna Prototype
Because the physical size of the OCP antenna is tiny, the effects of the leakage currents from the comparatively long coax feedline are not negligible. At 28 GHz, the diameter of the coax cable, 1.2 mm, is large in comparison to the antenna structure. Sleeve baluns had to be incorporated into the feedline for the actual measurements. The baluns choke off any leakage currents that may occur on the outer surface of the measurement cables. In the final prototype, two baluns were added on the cable to eliminate the unwanted radiation from the outer surface of the coax feedline. One is located below the OCP antenna with a gap of 1 mm. Another is 10 mm away above the K-connector. At the same time, the antenna structure had to be adjusted slightly to accommodate the presence of the baluns. Moreover, for convenience and for simplicity of fabrication and assembly, we elected to use the commercially available Rogers 5880 substrate with the standard thickness of 1.575 mm. The antenna was fabricated by Chengdu Tomorrow High Technology Co., Ltd. with standard PCB manufacturing technologies. The sleeve baluns were manufactured from copper. Their lengths were 1.8 mm and they had a wall thickness of 0.5 mm. The feedline was the 047 Semirigid coax cable with copper inner and outer conductors. The maximum operating frequency of this cable is 40 GHz. A K-connector was soldered to the end of the cable; it also works also up to 40 GHz. Both the cable and the connector are manufactured by Pasternack Enterprises, Inc. Fig. 15 . Photographs of the fabricated OCP antenna prototype with enlarged microscope images (left: top view and right: bottom view).
The prototype design parameters are listed in Table II . The final dimensions of the fabricated antenna prototype were: π (2) 2 × 1.57 mm 3 = 0.016 λ 3 0 at 28 GHz. Fig. 15 shows a photograph of the fabricated OCP antenna prototype and enlarged microscope images of it.
B. Measurement Setup
The 28 GHz OCP antenna prototype was measured in the anechoic chamber at the Royal Melbourne Institute of Technology (RMIT). A schematic of the far-field measurement used is shown in Fig. 16(a) . A calibrated standard dualridged ETS-Lindgren horn antenna (Type: ETS 3116 operating from 18 to 40 GHz) was used as the source antenna. The OCP prototype was measured as the receiving antenna. A SHF-810 transmit medium power amplifier and a Miteq JS4-1800-4000-40-5A (18 − 40 GHz) receiver amplifier were employed to ensure that the received power level from the transmitting antenna to the AUT was high enough to provide stable power reception. The data from the dual-linear polarized horn antenna was recorded and used to calculate the CP radiation performance of the OCP antenna. The OCP AUT anechoic chamber setup is illustrated in Fig. 16(b) . 
C. Measured Results
The |S 11 | values were measured with an Anritsu VectorStar MS4644B vector network analyzer (VNA). A comparison of the measured and simulated results is given in Fig. 17(a) . The measured resonance frequency, 27.8 GHz, agrees well with its 28 GHz simulated value. The measured −10 dB impedance bandwidth is 2.2 GHz, from 26.4 to 28.6 GHz, which is a bit wider than its simulated value, 1.7 GHz. This difference is most likely due to cable losses and fabrication tolerances. The measured and simulated realized RHCP gain values are shown in Fig. 17(a) . They are also in good agreement.
The measured and simulated AR values are compared in Fig. 17(b) . The measured 3 dB AR bandwidth is 2.65 GHz, from 26.5 to 29.15 GHz. The overlap of the −10 dB impedance and the 3 dB-AR bandwidths extends from 26.5 to 28.7 GHz, yielding a 2.2 GHz bandwidth. This band of frequencies covers the entire proposed 27.5 to 28.35 GHz band for 5G wireless systems. The measured and simulated AR values agree very well. The measured AR values above 29.15 GHz, outside of the 28 GHz band, become a little bit larger than their simulated counterparts. This outcome is most likely due to AUT alignment issues. It proved to be quite difficult to achieve good alignment (for both concentricity and elevation) because of the tiny size and high operating frequency of the OCP prototype.
The measured and simulated normalized realized gain patterns in the two vertical planes, ϕ = 0°and ϕ = 90°, are given in Fig. 18 . They are plotted at 26.5, 27.6, and 28.7 GHz, i.e., at the center frequency and at the two edge frequencies of the measured operational bandwidth. The normalization values are the peak realized gain values at each frequency: −0.2 dBic at 26.5 GHz, 2.2 dBic at 27.6 GHz, and 0.8 dBic at 28.7 GHz. These measured and simulated results are also found to be in reasonable agreement. Clearly, the predicted OCP radiation patterns were realized. The measured (simulated) maximum realized RHCP gain was 2.2 (2) dBic. The simulated radiation efficiency is high, > 95%, across the entire operating bandwidth. The slight difference in the maximum measured realized gain from its simulated value is again attributed to measurement alignment and fabrication tolerances.
The omnidirectional radiation characteristics of the prototype OCP antenna were evaluated and the results are presented in Fig. 19 at the same frequencies. The measured and simulated normalized realized gain patterns and AR values are plotted in the horizontal (θ = 90°) plane. One observes that good omnidirectional CP patterns were realized. The maximum measured variation in the co-polarisation RHCP realized gain pattern is only 0.7 dB at the center frequency, 27.6 GHz. While it is 0.1 dB in simulations, this measured outcome is quite reasonable. In addition, Fig. 19 also shows that the average AR values at all three frequencies are less than 3 dB. Again, the differences between the measured and simulated AR values are quite reasonable and are attributed primarily to the measurement alignment issues. These small measured gain variations in the omnidirectional patterns provide further confirmation of the effectiveness of the four-branch design.
These measured results verified our OCP design concept. A simple and compact 28 GHz OCP antenna was successfully realized. Table III compares the dimensions, operating frequency, bandwidth, AR value, gain, radiation efficiency, and number of parts required to assemble the antenna (which reflects the fabrication complexity), for all of the referenced OCP antennas in [12] - [15] and [17] - [24] and our realized prototype. This comparison clearly verifies that our design has outstanding characteristics, especially when taking into account its electrical size. Moreover, it has many attractive practical features that would be desirable for applications in the Ka band. These include a simple fabrication process and an easy to assemble, compact design. Moreover, our OCP antenna is unique simply because it is the only one currently available for future D2D applications in the 5G 28 GHz band.
VI. CONCLUSION
An antenna design was presented that achieved omnidirectional CP radiation performance in a simple, compact structure operating at 28 GHz. The design methodology was explained. Effective, parallel-oriented electric, and magnetic dipoles were developed that produced approximately the same far-field magnitudes of the orthogonal, transverse to the direction of power propagation, electric field components with the appropriate phase difference to realize OCP radiation performance with either RHCP or LHCP characteristics. The impact that several key design parameters had on the OCP antenna's performance characteristics were discussed. The fabrication, assembly, and testing of an OCP antenna prototype were described. It was demonstrated that the experimental results verified the design concepts and were in good agreement with their simulated values. A comparison of the prototype OCP antenna to other designs reported in the literature demonstrated, to the best of our knowledge, that our OCP antenna is the first realized at 28 GHz that has a simple and compact structure, is easy to fabricate, and completely covers the proposed 5G 28 GHz applications band. This OCP antenna is a good candidate for 5G wireless systems, specifically for D2D communication applications.
